modulation of reproduction, the endocrine system, tissue metabolism, blood pressure, hematopoiesis, angiogenesis, brain and bone development, wound healing as well as cell differentiation and proliferation [1] .
Leptin was assayed in human [16, 43, 56, 74, 81, 91] , rat [16] , mouse [5] , bovine [75] and porcine [27] milk. The presence of leptin in milk raises questions concerning the ability of the mammary epithelial cells to transfer leptin from the blood and/or to synthesize it, before its secretion. While one study has suggested the existence of leptin transfer from the blood to milk [16] , probably involving leptin receptors expressed by the mammary gland [48, 78] , other papers have shown mammary synthesis of leptin [5, 11, 81] . In order to gain a better insight and understanding of milk leptin origin and functions, this paper reviews the available data on mammary leptin and leptin receptor gene expressions, and on blood and milk leptin protein levels, according to pregnancy and lactation stages. The data are then discussed in relation to mammary gland development and functioning, and neonate physiology.
EXPRESSION OF LEPTIN IN MAMMARY TISSUE
The leptin gene is expressed in the mammary gland of lactating women [81] , mice [5] , ewes, cows and goats ( [11] , Fig. 1 ), or in normal breast epithelial (MCF-10A) and breast cancer (MCF-7, T47D, MDA-MB-231) cell lines [67] , as determined by RT-PCR and Northern-blot analysis. Leptin mRNA and protein are also produced by the bovine mammary epithelial cell line (MAC-T, [80] ). Moreover, the 4.5-kb leptin transcript is similar in size to that expressed by adipose tissue, and the partial sequencing of cDNA corresponding to the coding sequence has revealed a complete homology between the mammary and the adipose tissue sequences in the human [81] , murine [5] , ovine, bovine and caprine species (Fig. 1 ).
These last results suggest that there is a unique gene and a unique transcript encoding leptin, which is also expressed by the mammary tissue.
The quantitative analysis of leptin mRNA level (using RT-PCR) showed that leptin gene expression is regulated during gestation and lactation stages in ewes ( [11] , Fig. 2A ) and mice ( [5] , Fig. 3 ). In these species, the leptin mRNA level is high in early pregnancy, decreases to lower levels from midpregnancy and remains low until the end of pregnancy and throughout lactation. Regarding the period around parturition in ewes, our study ([11] , Fig. 2B ) revealed a small 400 Figure 1 . Expression of leptin by the lactating mammary gland of ruminants. Leptin mRNA was detected by Southern blot [82] analysis of reverse transcription-polymerase chain reaction (RT-PCR) products from mammary glands of a Préalpes du Sud ewe, an Holstein cow and an Alpine goat at days 48, 100 and 30 of lactation, respectively. The leptin mRNA coding region (538 bp) was amplified after a reverse transcription step in the conditions described previously [9] , using sense (5'-AGCCCATCCCGGGAAGGA-3') and antisense (5'-AGGCCTTCAAGGCTTCAGCA-3') primers replicating for 40 cycles (1 min at 94 °C, 1 min at 62 °C, 2 min at 72 °C). The specificity of PCR products was confirmed by direct sequencing of approximately 450 bp and by Southern blot analysis. These ovine and bovine sequences revealed 100 or 99% identity with the published coding sequences from ovine (Acc no. U84247) or bovine (Acc no. U43943) adipose tissue, respectively. The goat mammary sequence shows 98 or 95% identity with these same published coding sequences, respectively. For Southern blot analysis, the probe corresponding to 350 bp of the ovine leptin cDNA was used [24] . lactation stages in ewes [11] . Leptin protein was detected in mammary adipocytes during early stages of pregnancy, in epithelial cells and mainly on their apical membrane just before parturition, and in myoepithelial cells during lactation. Moreover, the presence of the leptin protein in secretory epithelial cells has been reported in breast tissue from lactating women [81] . These results may reflect leptin synthesis by adipocytes, epithelial and myoepithelial mammary cells, and/or leptin transfer between these cell types. increase in the leptin mRNA level just before lambing (day 141 versus day 106 of pregnancy, P < 0.05) and a decrease at the beginning of lactation (day 3 of lactation versus day 141 of pregnancy, P < 0.05). The post-lactating period studied in mice is characterized by a high level of leptin mRNA, similar to that observed in mammary tissue from virgin mice or in mice at the beginning of pregnancy ( [5] , Fig. 3 ).
The cellular location of the leptin protein, studied by immunohistochemical analysis is also dependent on the gestation or 401 Figure 2 . The quantitative determination of leptin [11] and leptin receptor [48] mRNA levels in the ovine mammary gland throughout pregnancy and lactation. Leptin mRNA level was assayed both by semi quantitative (A) and real time (B) RT-PCR, and leptin receptor mRNA was assayed by the ribonuclease protection assay (C). (A) Leptin and cyclophilin mRNA were detected by Southern blot analysis of RT-PCR products amplified as described in the legend of Figure 1 and by Bonnet et al. [10] , respectively. Analyses were performed from the mammary gland of an ewe at day 15, 80, 106, 112 and 141 of pregnancy and at day 3, 48, and 70 of lactation. (B) Real time RT-PCR was performed using TaqMan methodology as described previously [9] from the mammary gland of ewes at day 15, 80, 106, 112 and 141 of pregnancy and at day 0 (30 minutes after parturition), and days 3 and 48 of lactation (n = 3-4 per stage). The leptin mRNA level was normalised to that of cyclophilin measured by real time RT-PCR [9] . Data are mean leptin/cyclophilin mRNA ratios and are expressed in arbitrary units (au). (C) The long and short forms of leptin receptor mRNA were quantified by the ribonuclease protection assay in the mammary gland of ewes at day 15, 50, 70, 106, 112 and 141 of pregnancy and at day 3, and 48 of lactation (n = 3 per stage). The leptin receptor mRNA level was normalised to that of glyceraldehyde-3-phosphate dehydrogenase. Data are mean leptin receptor/GAPDH mRNA ratios and are expressed in arbitrary units (au). The regulatory mechanisms involved in the variations of leptin gene expression in mammary tissue have not been studied much. Nevertheless, it can be suggested that these mechanisms have two origins: the mammary cellular remodeling associated with pregnancy and the regulation of leptin gene expression. Indeed, it is noteworthy that the decrease in mammary leptin mRNA level around the first third of pregnancy observed in mice and ewes coincides with a strong decrease in mammary adipocyte numbers [26, 79] . In addition, the regulation of the expression of the leptin gene, probably via pregnancy-and lactationrelated hormones, may occur. This hypothesis is further supported by results reporting a 70 or 55% inhibition of leptin gene expression in the mouse mammary epithelial cell line COMMA-1D treated with prolactin or prolactin plus hydrocortisone [5] .
THE EXPRESSION OF THE LEPTIN RECEPTOR IN MAMMARY TISSUE
Leptin acts through membrane receptors that have strong sequence similarity with the class 1 cytokine receptor family [87] . Depending on the species, two to six leptin receptor isoforms [2, 86] have been identified and are encoded by alternative splicing of leptin receptor mRNA [18, 51, 93] . All these isoforms share an identical extracellular ligand-binding domain at the amino terminus but differ at the carboxy terminus by the length of the intracellular domain. Messenger RNAs encoding both short and long leptin receptor isoforms have been detected (by Southern blot analysis of RT-PCR products) in mammary tissue from pregnant or lactating ewes [48] . In contrast, the long form only was detected (by RT-PCR) in mammary tissue from a heifer two months after puberty, as well as in the MAC-T bovine mammary epithelial cell line [78] . Based on data from partial cDNA sequencing and the deduced amino acid sequence, the short and/ or long leptin receptors expressed in ovine and bovine mammary tissues share a high homology with the isoforms from the human brain and peripheral tissues [48, 78] . In ewe mammary tissue, the short form is more expressed than the long form [48] as observed in most peripheral tissues from humans and rodents [22, 58, 87] .
Leptin receptor gene expression varies in the ovine mammary tissue during pregnancy and lactation ( [48] , Fig. 2C ). Indeed, the mammary leptin receptor mRNA level, assayed by a ribonuclease protection assay using a probe that recognizes both the long and short forms, was higher at days 70 and 106 of pregnancy than at days 15, 50, 112, 141 of pregnancy or at days 3 or 48 of lactation. An in situ hybridization analysis confirmed this temporal variation of leptin receptor mRNA and showed that it was expressed only in the epithelial cells of the ovine mammary tissue [48] . The long leptin 402 Figure 3 . The evolution of leptin mRNA level in the mammary gland from virgin (V), pregnant (P), lactating (L) and post-lactating (PL) mice [5] . The leptin mRNA level was assayed by Southern blot analysis of RT-PCR amplicons produced using a specific set of primers and cDNA prepared from polyA+ RNA of the mammary gland of mice which were virgin, pregnant since 8 or 16 days, lactating since 2, 8 or 16 days or post-lactating since 8 days (n = 4-5 per stage). The leptin mRNA level was normalised to that of b-actin measured using the same procedure. Data are mean leptin/b-actin mRNA ratios and are expressed in arbitrary units (au).
MILK LEPTIN LEVEL
The leptin protein has been identified in the colostrum of pigs [27] and cows (C. Delavaud, M. Bonnet, Y. Chilliard, unpublished results) as well as in milk of humans [16, 43, 74, 81, 91] , rat [16] , mice [5] , pigs [27] , cows [75] and goats (C. Delavaud, M. Bonnet, Y. Chilliard, unpublished results). In human milk, leptin is present in a monomeric form [16] .
Leptin concentrations in milk have been assayed mainly by radioimmunoassay. The data reported in Table I show strong variations in milk leptin concentrations according to the species, the period of lactation and mainly according to the milk fractions and the sample treatments used (Tab. I). Indeed, receptor isoform (as determined by immunohistochemistry) was also only observed in the epithelial cells from bovine mammary tissue [78] .
The regulatory mechanisms of mammary leptin receptor gene expression during pregnancy and lactation have not been studied. However, as proposed above for the leptin gene, it can be hypothesized that pregnancyand lactation-related hormones are involved. In agreement with this hypothesis, the high expression of leptin receptor mRNAs at day 70 of pregnancy in the ewe [48] coincides with an increase in peripheral concentrations of estradiol [60] , and with the changes in several other hormones such as progesterone, prolactin, placental lactogen, growth hormone [20] . in most of the species studied, leptin concentration was higher (2 to 66 fold) in whole milk than in skim milk. However, the significance of these results remains controversial because they may indicate that leptin is linked to the milk fat globules, as shown by immunohistochemical analysis in human milk [81] , and/or could result from an artefact induced by an interference between milk fat and the radioimmunoassays used. Such an interference has been well documented by Lönnerdal and Havel [56] , who showed that the addition of Intralipid into human skim milk results in abnormally high "leptin" concentrations.
Regarding the influence of the lactation stage, leptin concentration seems to be higher in colostrum than in post-colostral milk of pigs [27] and cows (C. Delavaud, M. Bonnet, Y. Chilliard, unpublished results). In mouse whole milk, leptin concentration was high at day 2 of lactation, decreased by about 50% at days 8, 12 and 16 and increased at day 19 to a level comparable to that observed at day 2 of lactation ( [5] , Fig. 4 ). Since skim milk leptin remains low whatever the lactation stage (Fig. 4) , it could be hypothesized that either milk leptin is bound to fat globules and/or that lactational changes in milk fat content yield artifactual changes in the apparent leptin concentrations measured in whole milk samples. In contrast, no decrease in leptin concentrations after farrowing was observed in pig whole milk, but a decrease was observed in skim milk [27] . The available results thus suggest a variation in milk leptin level throughout lactation, particularly when considering the results obtained from pig skim milk.
The meaning of the published results on milk leptin concentrations in the different animal species remains, however, to be specified. There is a need for validation of milk leptin assay methods, including the linearity of the response to the milk volume used, and the possible interference between milk fat and assay methods. This would allow the true leptin concentrations in whole milk to be determined. Like Lönnerdal and Havel [56] in human milk, we observed that sonication did not modify the concentration of leptin in goat whole milk (C. Delavaud, M. Bonnet, Y. Chilliard, unpublished results). Assuming that both the interference by milk triglycerides and the masking of leptin inside the fat globule do not allow an accurate milk leptin titration, the lipid hydrolysis method recently proposed by Resto et al. [74] should improve milk titration better than milk sonication [43, 81] .
BLOOD LEPTIN DURING PREGNANCY AND LACTATION
Leptin, produced mainly by adipose tissue, is present in nanomolar concentrations in the systemic circulation; its level is regulated by a variety of factors, particularly body fatness, feeding level, energy balance and the endocrine system [17, 21, 30] . These factors may partly explain the variations in maternal blood leptin occurring during the pregnancy-lactation cycle. Such variations could be taken into account to support or not the putative implication of circulating leptin in mammary epithelial cell development and function, via mammary leptin receptors.
The blood level of leptin increases towards two-thirds of pregnancy and dramatically decreases to pre-pregnancy 404 Figure 4 . Leptin concentration in whole and skim milk, and in blood of lactating mice [5] . Leptin was assayed by sandwich Elisa. levels around parturition in humans [14, 33, 39, 53, 61] , baboons [37] , rodents [5, 13, 19, 31, 38, 47, 89, 96] and ewes [25] . This general profile of variation differs by the amplitude of variation according to the species and nutrition (Fig. 5) . For example, a tendency towards an increase in circulating leptin until two-thirds of pregnancy was also observed in a particular model of adolescent ewes, however, nutrition rather than pregnancy stage modified leptinemia [88] . Blood leptin is also highly sensitive to the nutritional status in the late pregnant cow [42] . Regarding late pregnancy more specifically (Fig. 5) , levels of blood leptin declined prior to parturition in rodents [5, 19, 38, 47] , human [33, 35] , ovine [25] and bovine [8, 42, 46, 55] , but not in baboon [37] species.
The increase in blood leptin towards twothirds of pregnancy could result from three different mechanisms according to the species. An increased leptin synthesis by specific adipose tissues was reported in the pregnant rat [47] , mouse [89] , baboon [69] and ewe [25] , but not in women. However, a positive correlation between either prepregnancy [33, 39, 85] or pregnancy [50] body mass index and leptinemia, supports the contribution of adipose depots to the circulating leptin during pregnancy in women. Synthesis of leptin by the placenta has been described in women [36, 61] and baboons [37] and to a lower extent in rats [4, 47] and mice [40, 41, 89] . In agreement with the leptin-producing role for the placenta in humans, the leptin gene has a placentaspecific upstream enhancer [7] and its 405 Figure 5 . Blood leptin concentration throughout pregnancy and lactation in the rat [19] , mouse [5] , baboon [37] , woman [33] , ewe [25] and cow [42] . Blood leptin were assayed using a commercial RIA kit in the rat and baboon, a commercial sandwich Elisa kit in the mouse and woman, and a specific RIA assay described by Ehrhardt et al. [25] and Delavaud et al. [23] in the ewe and cow, respectively. † or *, significantly different when compared to the non-pregnant or postpartum stage, respectively. expression is highest during the first trimester of pregnancy [36] . Finally, in the pregnant mouse, the striking leptin rise has been explained by the reduced clearance of leptin due to its binding with a soluble leptin receptor (the shorter form) produced by the placenta [31] . Such a large increase in bound circulating leptin observed in the mouse during pregnancy [31] does not occur in humans since the level of the soluble receptor decreases between 20 and 30 weeks of pregnancy [53, 95] . The relative contributions of adipose, placental and bound leptin levels to blood leptin variations probably differ across species, which may partly explain the differences observed between the species towards the end of pregnancy (Fig. 5 ).
LEPTIN SECRETION AND EFFECTS DURING PREGNANCY AND LACTATION
Altogether, data on blood and mammary leptin as well as on the presence of the long and short forms of the leptin receptor mRNA and/or protein in the mammary tissue suggest that leptin may play a direct role in mammary parenchyma development and function (Fig. 6 ) and may act on neonate physiology via milk.
During pregnancy: mammogenesis
Mammogenesis results from the proliferation and differentiation of secretory epithelial cells induced by various mediators. The increases in blood leptin level (see Sect. 5), as well as in leptin and leptin receptor gene expressions during the first half of pregnancy (see Sects. 2 and 3), are concomitant with the initiation of the proliferation of mammary epithelial cells, which suggests that both blood and/or mammary leptin, via leptin receptors, could exert endocrine, paracrine and/or autocrine control over mammogenesis (Fig. 7) . This hypothesis is further supported by reports describing leptin as a cytokine able to inhibit or In addition, the strong expression of the mammary leptin receptor at mid-gestation [48] suggests that blood leptin could reinforce the action of mammary leptin (which is less expressed from this pregnancy stage) and/or be involved in a feedback loop regulating mammary leptin synthesis, via leptin receptors (Fig. 7) . However, although leptin receptors have been shown in human and rodent body adipocytes [22, 58] they remain to be demonstrated in mammary adipocytes. The relative contributions of mammary-and blood-derived leptins to mammogenesis remain to be established in different species, since their pregnancyrelated blood levels are very different (see Sect. 5 and Fig. 5 ).
Around parturition: lactogenesis, colostrum secretion and neonate physiology
At the end of pregnancy, mammary adipose tissue has completely regressed and leptin synthesis still occurs in the mammary tissue from the ewe [11] and mouse [5] . Moreover, the leptin protein is localized in stimulate the proliferation of cultured bovine mammary MAC-T cells [77] or the human breast cancer cell line T47D [49] , respectively. However, leptin has no effect on undifferentiated mammary cells originating from prepubertal heifers [73] . Further studies are needed to clarify the putative role of leptin on mammary epithelial cell proliferation and/or differentiation as well as its possible interaction with other mediators. Indeed, during pregnancy, mammary epithelial cell growth and development are highly dependent upon steroids and protein hormones derived from the ovaries, placenta, pituitary gland [59] and body adipose depots [90] . Moreover, in vivo and in vitro studies indicate that these hormonal effects are largely indirect, and mediated by growth factors synthesized by mammary adipocytes [52, 76, 97] . It is tempting to hypothesize that mammary leptin could be one of these hormone-inducible proteins synthesized by mammary fat cells (Fig. 7) . Indeed, the strong mammary leptin gene expression observed at near mid-gestation in the ewe and mouse, occurs simultaneously with the start of the increase in blood concentrations of estradiol and other hormones [20, 29, 60] . secretory epithelial cells of the ovine mammary gland [11] . A production by epithelial cells is likely since a possible transfer of blood leptin would be very low due to the sharp decreases in the leptin receptor gene expression by the epithelial cells (see Sect. 3 and Fig. 2b ) as well as in blood leptin levels (see Sect. 5 and Fig. 5 ). However, although probably low, a transfer of blood leptin to the epithelial cells (and then to the milk) exists, as shown by Casabiell et al. [16] in the lactating rat. The respective proportions of transfer and local production remain to be determined, but could explain the accumulation of the leptin protein on the apical membrane of epithelial cells [11] and its subsequent secretion in colostrum, as observed in mice [5] , pigs [27] and cows (C. Delavaud, M. Bonnet and Y. Chilliard, unpublished results).
Colostral leptin may play a role in neonate physiology if (i) colostral-leptin is secreted in sufficient amounts, (ii) leptin is still biologically active after its absorption, and (iii) the endogenous leptin of the young is limiting. Although these topics remain to be studied, it can be suggested that leptin may act on neonate physiology before and after its digestive absorption (Fig. 8) .
Before its absorption, leptin may modulate gastro-intestinal functions of the neonate. This hypothesis is supported by observations made in adult humans and rodents, where leptin, via the leptin receptor localized in gastric [12] or intestinal [15, 58, 64] mucosa, could be involved in the control of meal size in co-operation with cholecystokinine, in the cytoprotection of gastric mucosa, in gut inflammatory processes and in the secretion of gastric hormones such as gastrin and somatostatin [54] , in the proliferation of intestinal cells [3, 34] and in the transport of nutrients [15, 64, 70] .
After its absorption, if leptin is proven to remain biologically active, it could be further involved in neonate physiology (Fig. 8) . Highly efficient absorption has been reported in 9 day-old rats [16] and 20 hourold pigs [94] , but the biological activity of leptin has not been tested. This absorption may involve the vacuolized immature Leptin and mammary function and beta, FGF-1, 2, 7 that are mainly synthesised by myoepithelial cells [32, 60, 72] . Leptin has been found in the ovine mammary myoepithelial cells [11] . A local production rather than a transfer of epithelial-or blood-derived leptin is suggested by the lack of leptin receptor expression by myoepithelial cells [48] . Hence, it can be hypothesised that myoepithelial leptin, acting through an epithelial cell leptin receptor, could participate in the control of epithelial cell proliferation or apoptosis (Fig. 9) as observed for T lymphocytes [45] and b-cell [68] apoptosis. In addition, the leptin receptor expressed by secretory epithelial cells may also contribute to the transfer of blood or myoepithelial leptin to the milk.
CONCLUSION
From the low number of studies performed to analyse mammary leptin and leptin receptor gene expression, it could be suggested that leptin is produced by different cell types of the mammary gland, and could act as a paracrine factor on mammary cell proliferation, differentiation and apoptosis via adipose-epithelial and myoepithelialepithelial cellular interactions. Besides synthesizing leptin, secretory epithelial cells may transfer leptin from the blood, and these two mechanisms may account for the enterocytes which are permeable to macromolecules, as reported for other colostral proteins [6] and/or the transport by short leptin receptor isoforms, whose expression has been shown in human and rodent small intestines [15, 58, 64] . Once absorbed, a role for leptin in neonate immunity could be hypothesized in view of the results obtained in transgenic mice models such as ob/ob and db/db treated or not by leptin as well as in normal rodents and humans, that showed that leptin modulates cytokine production and the thymus size, the activation of monocytes/macrophages, the proliferation/apoptosis of T lymphocytes and the T helper (Th)1/(Th)2 balance [28, 57, 62] . Likewise, leptin induces the in vitro production of cytokines by blood mononuclear cells isolated from dairy cows [71] . In addition, milk leptin may be able to modify thermogenesis, post-natal changes in food intake, growth and development of neonates, as observed in studies on leptin-infused rodent and ovine neonates [63, 65, 66, 83, 84, 92, 98] .
During lactation: galactopoiesis
Throughout lactation, galactopoiesis is dependent on the maintenance of alveolar structures, which is partly modulated by growth factors such as IGF-1, TGF-alpha 409 Figure 9 . Leptin as a potential endocrine and/or paracrine signal involved in galactopoeisis. During lactation, mammary leptin could be produced by myoepithelial cells, and may act, via epithelial cell leptin receptor, on epithelial cell proliferation and/or apoptosis. In addition, the plasma leptin could reinforce the action of mammary leptin.
presence of leptin in milk. The respective part of these two processes remains to be clarified, as well as the true levels of milk leptin. This hormone may be involved in neonate physiology via the milk. The roles of leptin in mammary tissue development and neonate physiology remain speculative and require more investigations. These topics are particularly important for a better understanding of the mechanisms for the known effects of nutritional factors and body fatness on peripubertal mammogenesis, and also when considering the long-term effects of neonatal nutrition on the subsequent health and development of young mammals.
